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ABSTRACT

An increasing number of studies has been focused on the investigation of sludge treatment by micro-
wave irradiation alone or combined with chemical methods. Besides the promising results for munic-
ipal sludge processing, the applicability of microwave pre-treatment methods is less evaluated and
verified for food industry sludge, especially in continuous-flow operations. Therefore, our work is
aimed at the investigation of microwave-alkaline treatment for meat processing sludge using disin-
tegration degree (DD) and aerobic biodegradation index (BDI) as control parameters. Our results ver-
ified that irradiated microwave energy (E ), calculated from microwave power and flow rate applied
during continuous flow microwave process, and alkaline dosage also have a significant effect on
disintegration degree and aerobic biodegradability. With microwave-alkaline treatment the DD was
improved to over 45% from the initial value of 12%. The change of BDI cannot be described by the
same tendency that obtained for DD. Due to the combined treatment, the BDI was improved from
7.8% to 25%, but over a certain value of E_and alkaline dosage, the aerobic biodegradability starts to
worsen. Measurement of dielectric constant has been proved suitable to detect the physicochemical
changes in sludge structure due to microwave-alkaline treatment, and behaviour of dielectric con-
stant as a function of E_and alkaline dosage show a tendency similar to that which obtained for DD.
These preliminary results enable the further and deeper analysis of dielectric parameters of sludge
in order to find suitable real-time and/or in-line method to estimate the disintegration efficiency
during sludge treatment processes.
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1.Introduction

Due to the increasing number of wastewater treatment
plants and the widening of industrial wastewater pre-treat-
ment facilities, sludge production has been increasing. A
new way of sludge handling should be developed because
the regulations for agricultural utilisation and landfilling
have become restricted, and the social acceptation of incin-
eration has worsened during recent years. Anaerobic diges-
tion or composting, as a controlled biological degradation
process, is suitable to handle a large sludge volume. Fur-
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thermore, anaerobic digestion is capable of producing bio-
gas, which is considered suitable for achieving sustainable
energy supply for high-density settlements and for rural
areas [1]. But sludge needs pre-treatment before biological
utilisation in order to increase the dry matter content, kill
the pathogens, improve the dewaterability, and /or enhance
the biodegradability. Application of microwave irradiation
as a sludge pre-treatment method has been more and more
often investigated [2]. It can be summarised that microwave
irradiation increases to a larger extent the organic matter
solubility and biodegradability of sludge than that achiev-
able by conventional thermal methods. Moreover,the time
required for the microwave process is significantly less than
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that of other conventional methods. Microwave irradiation
after a short exposure time can disrupt the cell walls and
cell membranes,which increases the concentration of solu-
ble organic matter in sludge liquor and the ratio of free to
bounded water [3]. Furthermore, the oscillating electromag-
netic field weakens the binding force between extracellular
polymers of sludge which leads to effective floc breakage
[4]. From energy and economic aspects,a combination of
the microwave irradiation with sonication as a two-stage
process could be a promising alternative for conventional
sludge pre-treatment technologies [5]. It can be noticed
that change of biodegradability and solubilisation are not
in direct correlation because some solubilised components
have been transformed to low biodegradability form due
to the thermochemical pre-treatment and act as inhibitor
during the anaerobic digestion process [6].

Food industry wastewater sludge, such as meat pro-
cessing sludge or dairy industry sludge, contains proteins,
carbohydrates and, in some cases, lipids in high concen-
tration. Because of the dissociated proteins and carbohy-
drates negative, charges are formed and attached to the
surface of sludge particles. Therefore, during sludge con-
ditioning followed by dewatering methods, cations are
dosed to compensate the repel effects between the par-
ticles and to improve the flock building. In high water
contented materials due to the high-frequency oscillating
polarity electromagnetic field, the temperature of polar
water molecules increased to a higher extent than macro-
molecular components or apolar molecules. The different
heating rates of components that occurred by different
dielectric parameters can be utilisable for separation, for
instance. The overall heat generation capability of micro-
wave irradiation is correlated to dielectric properties,
which are determined by the applied frequency, tempera-
ture, composition and physicochemical structure of mate-
rials [7]. The complex permittivity is used to characterise
the dielectric behaviour of materials in an electromagnetic
field. Dielectric constant is the real part of complex per-
mittivity that indicates the polarisation ability of materi-
alsor the ability of a material to store the external electric
field. The dielectric loss factor is the imaginary part of the
complex permittivity, measuring the ability of material for
energy dissipation or indicating the capability for heating
in an electromagnetic field [8].

For the heating effect of microwave irradiation, dipo-
lar rotation and ionic conduction can play a role. In an
electromagnetic field charge, polarisation occurs if mate-
rials contain free electrons. Dipoles orientate according to
the polarity of the high-frequency electromagnetic field. If
dipoles lag behind the electromagnetic field, the molecu-
lar friction leads to energy dissipation and results in heat
generation [9]. If ions are dissolved in the materials, the
alternating electric field creates an electric current, and
because of the internal resistance, it results in heat genera-
tion. Comparing the thermal efficiency of these two mech-
anisms, the ionic conduction has more strength effect than
dipolar rotation.

Among the chemical sludge pre-treatments, alkaline
dosage is a low-cost and easily controllable method. Alka-
line pre-treatment alone is suitable to enhance the organic
matter solubilisation and to degrade extracellular poly-
mers, which limit the direct biological degradation. The effi-

ciency of alkaline pre-treatment can be increased by thermal
methods (such as thermochemical pre-treatment). Micro-
wave irradiation combined with alkali dosage increases
the disintegration degree of sludge particles and improves
the biogas yield from waste-activated sludge [10]. It was
verified that irradiated specific energy and applied power
also have effects on biogas production. Irradiated energy
determines mainly the maximum achievable organic matter
solubility, biogas yield and the overall energy efficiency of
the process, but microwave power has an effect on methane
production rate and organic loading rate applicable to con-
tinuously operate reactors [11].

Controlling of temperature pattern and other param-
eters related to thermal efficiency (change of penetration
depth, power dissipation, etc.) during the microwave irra-
diation are the key issues for the development of continu-
ous-flow microwave process and/or the scale up [12]. The
energy carried by microwave irradiation at a frequency of
2450 MHz is not enough to disrupt covalent and hydrogen
bounds [13]. But low energy density along with high-fre-
quency electromagnetic field can be proposed to unfold
other structural changes in proteins. These structural
changes have the potential to affect the enzyme activity
as well. It can be noticed that structural changes are also
determined by the strength of applied electric fields which
depend on the instrumental characteristics [14].

Besides the appreciation of promising results in the
field of microwave conditioning for municipal sludge, it
can be worthwhile to extend the research investigation
into the efficiency of microwave treatment for food indus-
try sludge with higher organic matter content. Moreover,
besides the examination of the change in anaerobic diges-
tion, the biodegradation under aerobic condition could
provide additional information to evaluate the efficiency
of microwave irradiation as a potential pre-treatment
method. Therefore, the aim of our work was to investi-
gate the effect of microwave-alkali treatment on the dis-
integration degree and anaerobic biodegradability of meat
processing sludge. Another target of our experimental
research was the detection of dielectric constant, which led
to the hypothesis that change of organic matter solubilisa-
tion and disintegration has a correlation with the dielectric
behaviour of sludge.

2. Materials and methods

Sludge samples originated from the wastewater puri-
fication line of a meat processing factory. The sludge pro-
duced after chemical precipitation by FeCl, was followed
by a sedimentation phase of 12 h. In the industrial waste-
water treatment line, the FeCl, dosage was in the range of
0.028-0.032 mol m™. Samples were stored in a closed poly-
ethene bag at 4°C before processing. Total solid (TS) and
volatile solids (VS) content of meat processing sludge were
53 +£3.5 g L™ and 6560 + 281 mg L™, respectively. The initial
total chemical oxygen demand (TCOD) and soluble COD
(SCOD) was determined as 28300 + 690 mg L and 3250 =
212 mg L7, respectively. The biochemical oxygen demand
(BOD,) of thickened raw sludge was 724 + 51 mg L.

Microwave treatments were carried out in a tailor-made
microwave unit equipped with variable power magnetron
(from 100 W to 850 W) operating at a frequency of 2450
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MHz. In a continuous-flow operation mode, the volumetric
flow rate of irradiated samples can be varied by the revolu-
tion of the peristaltic pump in the range of 6-35 L h™'. The
specific irradiated microwave energy (E) was determined
based on the method described by Yang et al. [15] for batch
microwave processes but according to the continuous-flow
experimental setup applied in our present work. E_(J g")
was calculated from the power of magnetron (P, ; W), the
quantity of total solids (TS; g) and the volume of sample (V;
L), the volume of microwave cavity (V; L), and the volumet-
ric flow rate (Q; Ls™) by Eq. (1).

P .
E, =K’22VV[18 ] (1)

The alkaline dosage was given by the ratio of the quan-
tity of NaOH to TS content of sludge in g,/ g, unit.

Total chemical oxygen demand (TCOD) was measured
after dilution from whole sludge matrix using the colouri-
metric method (APHA, 2005). Soluble COD (SCOD) was
determined from the supernatant phase of diluted samples
after centrifugation (10,000 rpm for 20 min) and pre-fil-
tration by a 0.45 mm pore-sized disc filter. Disintegration
degree (DD) was calculated according to Zhang et al. [16]
from the SCOD and TCOD of untreated and treated sam-
ples by Eq. (2).

_ SCOD, =5COD, 14 4 )
TCOD -SCOD,

SCOD, and SCOD, mean the chemical oxygen demand of
raw and pre-treated samples, respectively.

The change of aerobic biodegradability was character-
ised by the biodegradation index (BDI) [16]. BDI was cal-
culated from the biochemical oxygen (BOD) and chemical
oxygen demand (COD) by Eq. (3).

(BOD, / SCOD), — (BOD, / SCOD)
BOD,,. /SCOD,._.

BDI = £100 [%] @)

5max

Biochemical oxygen demand was measured by a
respirometric BOD system (BOD Oxidirect, Lovibond,
Germany) at a controlled temperature of 20°C for 5 d
degradation interval. Subscript i means the parameters of
initial (untreated) sludge sample, and t means the param-
eters determined after microwave treatment. Maximum
achievable SCOD and BOD, were determined from the
diluted sludge sample after 24 h disintegration using 2
mol L™ NaOH dosage at 60°C.

Dielectric constant (¢’) was measured by a specially
designed tailor-made dielectrometer. Microwave magne-
tron operated at a frequency of 2450 MHz, and samples
flowed through a cylindrical tube made from PTFE. The
effects of samples on the wave form and the intensity of
electromagnetic field were by diode power sensors (NRVZ,
Rohde & Schwarz). Diodes were positioned at a distance of
A/8. Forwarded waves and returned waves reflected from
sample form standing wave. Voltage standing wave ratio
(VSWR) can be calculated from the maximum (U__ ) and
minimum (U_, ) AC voltage detected along the waveguide
by NRVZ sensors.

VSWR = Yoo 4)
u

min

The relationship between VSWR and reflection coeffi-
cient (I') is given by Eq. (5). T’

Ir]

_ VSWR-1

" VSWR+1 ®)

Phase shift (¢) was determined based on the distance
of detected position (d) for minimum voltage (node) in the
waveguide from the sample and the wavelength (A).

_dn
A

€’ was calculated from the reflection coefficient (I') and
detected phase shift (¢) according to Egs. (7) and (8).

o (6)
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Response surface modelling and analysis was used to
investigate the effect of two variables, the irradiated specific
energy (E) and alkaline dosage, on DD, BDI and dielectric
constant. The experiments were based on face-centred cen-
tral composite design. For the statistical analysis Statistica
13 was used.

3. Results and discussion

In the first stage of the experiments, the effect of irra-
diated specific microwave energy (E) and alkaline dosage
on the disintegration degree (DD) was investigated. DD
is a generally used parameter to control and evaluate the
efficiency of thermal, chemical and thermochemical sludge
treatments. Results were subjected to ANOVA to determine
the main influential treatment parameters and their signif-
icances. F-values derived from ANOVA show the strength
of factors and their interactions on the investigated control
parameter; furthermore, p-value describes the significance
of the coefficient of the constructed second-order equations.
Analyses of variances for disintegration degree are sum-
marised in Table 1.

Our earlier experiments carried out in batch microwave
sludge treatment unit verified that microwave power level
and irradiated energy also have significant effects on the
biodegradability of food industry sludge [17]. Our pres-
ent results show that specific irradiated microwave energy
(coded as x,) is the main influential parameters for the disin-
tegration efficiency of microwave treatment. Besides E , the
alkaline dosage (x,) also has a significant effect on sludge
disintegration at 95%. These establishments are partially
consistent with the results of Yang et al. [15]. In their experi-
ments, microwave-alkaline treatment was investigated, the
pH of sludge was varied in the range from 8 to 12, and it
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Table 1
Analysis of variance for disintegration degree (DD)

Source SS Df MS F-value p-value
x, 27068 1 270.68  22.50 0.0032
x? 87.02 1 87.02 7.24 0.0361
x, 44493 1 44493  36.99 0.0009
x,? 50.75 1 50.75 422 0.0858
X, X, 1.78 1 1.78 0.15 0.7138
Error 52.17 6 12.03
R? 0.9279

SS: sum of square; Df: Degree of freedom; MS: mean square

was found that pH has more significant effect on DD than
E_. But it can be noticed that in their study meat process-
ing sludge with lower total organic matter content (COD of
10,000 mg L) but higher SCOD was exposed to MW treat-
ment more than the sludge involved in our experiments.
Deflocculation can be enhanced by NaOH dosage. Na* ion
is suitable to displace the divalent cations, which stabilise
the floc build-up from extracellular polymeric substances
and other organic compounds of sludge [18].

The high value of correlation coefficients (R*= 0.9279)
shows that the model well describes the correlation between
the predicted and observed values in the response. Analysis
of variance shows that linear and quadratic terms of alka-
line dosage (x,) and linear terms for E_(x,) were significant,
but quadratic terms for E_and interaction between the two
variables were non-significant (p values of insignificant
variables are shown in italics). Eq. (9) shows the constructed
mathematical model for DD (Y)) after the removal of insig-
nificant terms.

Y, =-10.2 +135.8x, —15.77x] +0.05x, )

In the empirical model developed, all linear coefficients
were positive, indicating that microwave irradiation and
alkaline dosage assist in sludge disintegration. The incre-
ment of alkaline dosage and the application of higher-en-
ergy intensity during microwave irradiation enhance the
DD. But disintegration degree is limited, i.e. over a certain
value of E, and NaOH dosage, a further increment of DD
has not been observed, which is indicated by the negative
quadratic term and shows in response surface (Fig. 1).

For meat processing sludge the disintegration degree
can be enhanced from 12% to over 45% by MW irradiation
with over 8,000 | g™ and alkaline dosage over 0.5 g,/ &
which corresponds to a sludge pH of 10.8 + 0.2. Yang et al.
[15] found microwave-alkaline pre-treatment suitable to
increase DD over 70% but in that study the applied E, was
in the range of 19,200 to 48,000 J g™, and saturation value on
the tendency of DD increment in the pH range of 9 to 12 was
not observed. Jang and Ahn [19] applied microwave-alka-
line pre-treatment for thickened waste activated sludge. In
that case, the SCOD/TCOD increased to 53% from the initial
3%. But pre-treatment temperature of 135°C and irradiated
energy of 3,600 k] resulted in that large-scale improvement of
disintegration. Rani et al. [20] exposed dairy sludge to differ-
ent microwave power intensity. They concluded a near-lin-
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Fig. 1. 3D response surface for DD as a function of alkaline dos-
ageand E .

ear correlation of the release of SCOD with the microwave
intensity and irradiation time if specific microwave energy
was varied in the range of 108 k] L™ and 2,333 k] L, but
at higher intensities saturation value was found for COD
solubilisation. Ebenezer et al. [18] investigated the effect of
pre-treatment with different microwave energy level on the
COD solubilisation of municipal waste-activated sludge. It
was concluded that beyond 14,000 k] kg™ further increment
of organic matter solubilisation was not found. Moreover,
when energy level exceeded the limit value of 45,000 kJ
kg™, a decreasing tendency was observed. Specific energy
need depends on the characteristics of processed sludge.
The breaking point of COD solubilisation tendency was
determined as 30,000 k] kg ' for municipal waste-activated
sludge by Kavitha et al. [21]. At this high-temperature range,
where boiling occurred, COD loss could be due to the evap-
oration of soluble organic matters.

Sludge solubilisation by microwave pre-treatment was
influenced by the TS of the initial COD content as well.
Ebenezer et al. [22] concluded that microwave treatment for
low TS-contented sludge results in lower COD solubilisation
than obtained for high TS-contented sludge. Deflocculating
assists to achieve a higher solubilisation efficiency, which was
respectively 21% and 31% for flocculated and deflocculated
municipal waste-activated sludge exposed to the same spe-
cific microwave energy level. In this case, the meat process-
ing sludge has higher TS and TCOD content that was used
by Ebenezer et al.; therefore, a higher increase in DD verified
that the TS content of processed material plays a significant
role in the overall efficiency of microwave pre-treatments.

The solubility of organic matters and, therefore, the
disintegration degree is used to estimate the biodegrad-
ability for sludge [23], but in most cases biodegradability
is defined based on anaerobic digestion kinetic or biogas
production of sludge. Microwave irradiation, alkaline treat-
ment and their combination are suitable to increase the
organic matter removal during anaerobic digestion and



134 B. Lemmer et al. / Desalination and Water Treatment 98 (2017) 130-136

improve the biogas yield [10;24]. Appropriate microwave—
alkaline pre-treatments increase the biogas production by
40-200%, depending on the sludge characteristic [10; 25;
26]. Besides these benefits,the advantageous effect of micro-
wave pre-treatment could also manifest in higher anaerobic
degradation rate [11].

In our work it is assumed that the change of aerobic bio-
degradability shows a tendency similar to that observed for
DD. The change of biodegradation index shows that BDI
has an initial rise if alkaline dosage and /or E_was increased,
but after a peak in the overdosing of NaOH or use of high
energy intensity MW treatment, the ratio of biodegradable
to total organic matter content worsened (Fig. 2.). In the 5
d aerobic degradation process, the initial BDI for untreated
sludge was 7.8%, and the maximum achievable BDI due to
microwave-alkaline treatment was detected as 25%.

This tendency is not agreed as of obtaining for DD. A
higher intensity of MW irradiation or an alkaline dosage than
the optimum range could result in the formation of a final
product or byproduct during decomposition of macromole-
cules or sludge floc, which is transformed into soluble form
but has an inhibitory effect on aerobic microorganisms. This
phenomenon was explained by Maillard’s reaction in the
study of Dwyer et al. [27] and Takashima and Tanaka [28]. The
worsening effect of alkaline dosage on BDI could be due to
the increased salinity. During the alkalisation of sludge and
pH re-adjustment produce, NaCl and the aerobic microorgan-
isms lose their activity beyond the salinity tolerance limit. The
advantageous effect of alkaline dosage on sludge disintegra-
tion was verified by the tendency to change in DD. But over a
certain value of alkaline dosage,increasing of the solubility of
the substrate could not compensate for the negative effect of
increased salinity on biodegradability. It was observed that at
high salinity the ions cause enough electrostatic force to break
cell membranes, which is manifested as DNA leakage. There-
fore, DNA leakage could be considered as an indirect method
to determine the change of microbial activity [29]. Wang et al.
[30] detected the cell wall destruction effect of increased salin-
ity for denitrifying granular sludge, but enhanced DNA leak-
age shows that microbial activity worsened.

Considering the effect of process variables on BDI, the
analysis of variance shows that the linear term for alkaline
dosage (x,) and linear and quadratic terms for irradiated
microwave energy (x,) have significant effects, but the inter-
action and quadratic effects of E_ were not significant at the
95% level (Table 2). With respect to F values, similar to the
results obtained for DD, the specific irradiated microwave
energy has a stronger effect on BDI than alkaline dosage.
The second order quadratic empirical model with signifi-
cant terms for BDI (Y,) is given by Eq. (10).
Y, =-5.6+55.9x, +0.005x, — 0.00011x; (10)

Another aspect of our research was to investigate the
change of dielectric constant in the microwave-alkaline
sludge treatment process. Because dielectric constant
measurement has a high temperature dependency, the
dielectric measurements were carried out for all samples
after cooling to 20°C. The dielectric constant for pure
water at room temperature at atmospheric pressure is
approximately in the range of 78-80 [31]. There cannot be
found studies dealing with the examination of dielectric
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Fig. 2. Response surface for BDL

Table 2
Analysis of variance for biodegradation index (BDI)

Source SS Df MS  F-value p-value
x, 24.81 1 24.81 6.27  0.0463
x? 14.01 1 14.01 3.54 0.1089
X, 75.47 1 75.47 19.07  0.0047
x)? 54.90 1 54.90 13.87  0.0098

X, X, 13.24 1 13.24 3.34 0.1172
Error 16.75 6 3.96
R? 0.8994

parameters for real food industry sludge matrix, such as
meat processing sludge. However, the change of dielec-
tric parameters caused by microwave-alkaline treatments
has not been investigated yet. In our measurements, at a
given temperature and frequency, the composition and
physicochemical state of the system determine the dielec-
tric parameters [7]. Due to the ionic and polar components
presented in the sample, the dielectric constant determined
for meat processing sludge was higher than that obtained
for pure water. As our results verified, microwave-alka-
line treatment has a strong effect on disintegration degree
and these physicochemical changes led to the increment of
dielectric constant (Fig. 3.).

The tendency of the change of dielectric constant as
a function of E_ and alkaline dosage was similar to that
obtained for DD (Fig. 1). As DD was enhanced with
increased irradiated energy and alkaline dosage, so does
the change of dielectric constant show the same behaviour.
Considering the results of ANOVA, F values and p values
determined for variables show alkaline dosage (x,) and
irradiated energy (x,) has near the same strong effect on
dielectric constant (Table 3).

Quadratic terms for irradiated energy and interac-
tion effect of variables was not significant; therefore,
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Fig. 3. Response surface for dielectric constant measured at a
temperature of 20°C.

Table 3
ANOVA for dielectric constant

Source SS Df MS F-value p-value

x, 98.42 1 98.42 30.94 0.0014
x? 13.32 1 13.32 6.19 0.0027
X, 101.48 1 101.48 31.90 0.0013
x,2 7.48 1 7.48 2.35 0.1760

X, X, 11.88 1 11.88 3.73 0.1015

Error 19.09 6 3.18

R? 0.7513

the empirical mathematical model for the estimation of
dielectric constant (Y,) contains the linear terms of E_and
alkaline dosage [Eq. (11)]. The coefficient of determination
was satisfactory (R?= 0.7513), and the predicted value of
constructed model agreed with 75% of experimental data.

Y, = 62.84 + 63.35x, — 44.17x% +0.0033x, (11)

4. Conclusion

Our research work aimed to examine the effect of com-
bined microwave-alkaline treatment on the disintegration
degree (DD) and aerobic biodegradability (BDI) of sludge
that originated from meat processing. Considering techni-
cal purposes, our research was also extended to the mea-
surement of the change of dielectric constant.

Results verified that in continuous-flow microwave
treatment process, disintegration degree of sludge can be
enhanced to above 45%, and the irradiated energy and
alkaline dosage significantly influenced the efficiency of
the process. Microwave-alkaline treatments improved
the aerobic biodegradability, but contrary to the observed

tendency for change of DD, the higher irradiated MW
energy and alkaline dosage over a certain value mani-
fested in worsened BDI. It has been established that
investigation of DD alone is not suitable to estimate
the change of aerobic biodegradability. Detection of a
dielectric constant during combined microwave-alka-
line sludge treatments led to valuable results because
the change of dielectric constant has a tendency similar
to that obtained for disintegration degree. This finding
could help develop a dielectric method for real-time esti-
mation of disintegration efficiency during pre-treatment
processes.
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